On 10 May 2016, Guangdong Province, China, suffered a heavy rainstorm. This rainstorm flooded the whole city of Guangzhou. More than 100,000 people were affected by the flooding, in which eight people lost their lives. Subway stations, cars, and buses were submerged. In order to analyse the influential factors of this flooding, topographical characteristics were mapped using Digital Elevation Model (DEM) by the Geographical Information System (GIS) and meteorological conditions were statistically summarised at both the whole city level and the district level. To analyse the relationship between flood risk and urbanization, GIS was also adopted to map the effect of the subway system using the Multiple Buffer operator over the flooding distribution area. Based on the analyses, one of the significant influential factors of flooding was identified as the urbanization degree, e.g., construction of a subway system, which forms along flood-prone areas. The total economic loss due to flooding in city centers with high urbanization has become very serious. Based on the analyses, the traditional standard of severity of flooding hazards (rainfall intensity grade) was modified. Rainfall intensity for severity flooding was decreased from 50 mm to 30 mm in urbanized city centers. In order to protect cities from flooding, a "Sponge City" planning approach is recommended to increase the temporary water storage capacity during heavy rainstorms. In addition, for future city management, the combined use of GIS and Building Information Modelling (BIM) is recommended to evaluate flooding hazards.
Introduction
Global warming is a phenomenon that is generally accepted to be mainly due to anthropic activity or a combination of anthropic and natural factors. Global warming can result in extreme precipitation in some parts of the world. The impact of flooding is often considered a consequence of global warming [1] [2] [3] . The risk of flooding due to intensive precipitation events will increase as the earth's temperature increases [4] [5] [6] . Flooding caused by heavy rainstorms is considered to be the most common natural disaster occurring worldwide during the last few decades. Flooding has led to serious disasters in recent years, with huge associated economic losses. Flooding will also induce other natural hazards (e.g., landslides, sink holes), which may pose further danger to people and the environment.
Flooding is a globally occurring natural hazard that results in widespread damage to personal property and the environment, and flooding has caused many environmental and socioeconomic consequences within the flood-prone areas [7, 8] .
Guangzhou is located in the Pearl River Delta, on the northern boundary of the South China Sea. Guangzhou is a typical coastal city with frequent heavy rainstorms. The climate characteristics, weather systems, and geographical position are major factors in the formation of heavy rainstorms. Figure 1 shows the location of the study area in Guangdong Province. Climate change does affect the amount of rainfall in Guangzhou, and results in a higher level of precipitation [9] . Fluctuations in temperature and air pressure can result in heavy rainfall with flooding in the summer months [10, 11] . The frequent flooding events in Guangzhou have caused huge economic losses and also endangered the lives of citizens. Therefore, analysis of the contributing factors and investigation of the spatial and temporal characteristics of heavy rainfall in Guangzhou are required. to personal property and the environment, and flooding has caused many environmental and socioeconomic consequences within the flood-prone areas [7, 8] .
Guangzhou is located in the Pearl River Delta, on the northern boundary of the South China Sea. Guangzhou is a typical coastal city with frequent heavy rainstorms. The climate characteristics, weather systems, and geographical position are major factors in the formation of heavy rainstorms. Figure 1 shows the location of the study area in Guangdong Province. Climate change does affect the amount of rainfall in Guangzhou, and results in a higher level of precipitation [9] . Fluctuations in temperature and air pressure can result in heavy rainfall with flooding in the summer months [10, 11] . The frequent flooding events in Guangzhou have caused huge economic losses and also endangered the lives of citizens. Therefore, analysis of the contributing factors and investigation of the spatial and temporal characteristics of heavy rainfall in Guangzhou are required. Guangzhou is also characterised by its karst topography. Figure 1 shows the distribution of karst caves in Guangdong province. Guangzhou is located in the karst area of southern China. The karst or karst caverns, which are buried underground at depths of up to 50 m, form a complex network system. When there is high-intensity rainfall, karst cavern network may store large amounts of rainwater, which cause underground hazards such as sinkholes [12, 13] . Therefore, the karst areas of South China face serious challenges with the increased risk of flooding caused by heavy rainfall.
With the rapid economic development of the coastal regions of China, a large population has migrated to coastal cities in the last 20 years. Statistical analysis showed that the coastal population in 1985 was 8.6%, and increased to 19 .7% in 2010 [14] . The expansion of the population in coastal cities results in rapid urbanisation [15, 16] . Increasing traffic congestion has led to a demand for the development of urban railway transportation systems in big cities such as Beijing, Shanghai, Guangzhou, and Chongqing, where there has been construction of underground tunnels, and deep excavation in urban areas [17] [18] [19] . Urbanisation also causes other environmental and geological problems, such as groundwater pollution, land subsidence, sink holes in urban areas, and an Guangzhou is also characterised by its karst topography. Figure 1 shows the distribution of karst caves in Guangdong province. Guangzhou is located in the karst area of southern China. The karst or karst caverns, which are buried underground at depths of up to 50 m, form a complex network system. When there is high-intensity rainfall, karst cavern network may store large amounts of rainwater, which cause underground hazards such as sinkholes [12, 13] . Therefore, the karst areas of South China face serious challenges with the increased risk of flooding caused by heavy rainfall.
With the rapid economic development of the coastal regions of China, a large population has migrated to coastal cities in the last 20 years. Statistical analysis showed that the coastal population in 1985 was 8.6%, and increased to 19.7% in 2010 [14] . The expansion of the population in coastal cities results in rapid urbanisation [15, 16] . Increasing traffic congestion has led to a demand for the development of urban railway transportation systems in big cities such as Beijing, Shanghai, Guangzhou, and Chongqing, where there has been construction of underground tunnels, and deep excavation in urban areas [17] [18] [19] . Urbanisation also causes other environmental and geological problems, such as groundwater pollution, land subsidence, sink holes in urban areas, and an increased risk of flooding [20] [21] [22] [23] [24] . To solve these problems, ground improvement technology has been developed and new environment-friendly geomaterials have been invented [25] [26] [27] . In Guangzhou, a number of subway lines have been constructed recently. The presence of these underground subway lines leads to the surrounding environment becoming vulnerable to the consequences of heavy rainstorms and prone to flooding.
In recent years, Guangzhou City has suffered from frequent flooding. According to the statistics of historic rainfall characteristics, the rainfall and rainy days increased annually. Since the start of the flood season (May to July), Guangzhou City has experienced continuous heavy rain. On 10 May 2016, flooding caused by heavy rainfall hit Guangzhou City. The whole city was flooded within 16 h from 4:00 P.M. on 9 May to 8:30 A.M. on 10 May. This flooding strongly affected local people's lives and killed eight people.
Topography has a significant role on the forming and distribution of flooding [28] [29] [30] . Elevation and slope are generally used to quantify topographic variation. Elevation is an important factor in flooding after rainstorms. A ground surface with a lower elevation has a high possibility of flooding. Surfaces with a steep slope have a low possibility of being inundated because floodwater can easily drain towards the downslope. Elevation and slope were generated from a digital elevation model (DEM) using GIS [31] .
It is significant to analyse flood risk based on topography and historical rainfall record. GIS is a useful tool to assess flood-prone areas. Topography characteristics can be extracted using the DEM and the influence of the metro system can be analysed using the Multiple Buffer Operator in the ArcMap environment [31] . Linear regression is also an effective method to analyse historical rainfall. Based on statistical analysis, this paper analysed the historical rainfall record and the rainfall that occurred on 10 May 2016 in Guangzhou City.
The objectives of this paper are to (i) report on the flooding that happened on 10 May 2016; (ii) analyse the factors associated with flooding based on topography and historical rainfall data; (iii) plot the flood-prone areas by considering the spatial distribution of subway system using GIS mapping; and (iv) discuss future flooding prevention measures.
Methodology

GIS Mapping
This paper using three-dimensional Analyst Tools in ArcGIS version 10.2 analysed the topography characteristics of the spatial distribution of elevation and slope in Guanzhou. The characteristics of the river system were also depicted by GIS. These data were obtained from Geospacial Data Cloud. In order to analyse the relationship between flood risk and urbanization, GIS mapping has been used to consider the effect of the subway system on the flooding distribution areas and to delineate the influence areas of subway lines. In order to evaluate the effects of subway lines during rainfall conditions, the flood-prone areas have been analysed. The influence of subway system and the flood-prone areas were analysed using the Multiple Buffer Operator in ArcMap. The value of buffer distance was based on the scale of the tunnel model. The scale of the distance to stratum during construction of tunneling can be determined by the following equation (Peck 1969) [32] :
where S x is a settlement with a distance from tunnel axis x; S max is the maximum settlement at the ground surface over the tunnel; and i is defined as i = 0.5 d, in which d is a distance from the surface of tunnel axis. The settlement induced by tunnel construction generally ranges from 40 m to 60 m.
Shen et al.'s fieldwork results also showed that there exists a ground surface settlement trough similar to Equation (1) along subway lines, induced by long-term train running [33] . Therefore, the buffer distance was designated as 50 m when assessing the scale of flood-prone areas.
Statistical Analysis
In order to analyse the characteristics of the rainfall in Guangzhou City, this paper used the method of linear regression to analyse the rainfall characteristics both at the whole city level and the district level. Based on the precipitation and possibility of flooding, this paper analysed the heavy rainfall that occurred on 10 May 2016. The value of rainfall was obtained from the China Meteorological Data Network in seven hydrological station of Guangzhou. The Thiessen polygon method was used to assess the rainfall distribution via considering topography characteristics. The theory of the method is based on the following equation:
where Q is the average rainfall in an area; A represents the scale of the area; Q i is the rainfall in the area of Tyson triangle; and A i represents the scale of the Tyson triangle [31] . There are many classification systems for defining the hazard level of flooding disasters, taking into account the probability, duration, and area of flooding. In Guangdong Province, the rainfall intensity grade is determined by parameter "R". R is defined by the amount of precipitation within 24 h. When "R" is more than 50 mm, this is defined as a "heavy rain day", and when "R" is more than 100 mm, this is defined as a "torrential rain day" [1] .
In order to evaluate the severity of flooding hazards, based on the historical records in Guangdong province, a value of R s was used; R s represents the precipitation within 24 h. The R s value was used to determine whether the area will develop flooding or not and the flooding severity grade [7] . The severity of flooding hazards is classified into five levels according to the Bureau of Meteorology of Guangzhou, i.e., (1) catastrophic flooding (R s is more than 250 mm/24-h); (2) severe flooding (R s ranges from 250 mm to 100 mm/24-h); (3) common flooding (R s ranges from 100 mm to 50 mm/24-h); (4) light flooding (R s ranges from 50 mm to 25 mm/24-h); and (5) no flooding (R s ranges from 25 mm to 0 mm/24-h). Based on the aforementioned classification, this paper identifies the level of flooding hazards on 10 May 2016 in Guangzhou. Figure 2 shows the topography of Guangzhou. The river network is densely distributed in Guangzhou. Pear River runs through the central area and ultimately flows into the South China Sea (Figure 2a) . The average elevation of Guangzhou is 11 m, and the highest peak is 1100 m and is located at the boundary of Conghua district and Longmen county. The central area lies in the hilly basin region. As a part of the Pearl River Delta, the Fanyu and Conghua districts are on the coastal alluvial plain. The elevation of the central area is lower than that of the northeast area, and the slope in the northeast area is steeper than in the central area, which means that rainwater always flows from the northeast to the central area. This type of topography causes the central areas to be vulnerable to flooding. The special geographical position and topography determine the distribution of flooding caused by heavy rainstorms. The spatial distribution of elevation and slope of Guanzhou are depicted in Figure 2b ,c. September, which is called the flooding season in Guangzhou. Fifty-one percent of the annual heavy rain happens during April to June, and 39% happens during July to September. Figure 4 shows the annual number of heavy rain days, during which rainfall is more than 50 mm, in Guangzhou for each year from 1951 to 2009. A total of 403 heavy rain days during the 59 years period was observed, equivalent to an average of seven days per year. The maximum number of heavy rain days during the aforementioned 59-year period is 16, which occurred in 2001, and the minimum occurred in 1990. By conducting linear regression analysis on the annual number of heavy rain days, it can be found that the average number of heavy rain days presented a linear growth trend annually ( Figure 4 ). Therefore, it is important to forecast heavy rainfall in order to take preventative measures to mitigate flooding hazards. 
Characteristics of Study Area
Topography
Meteorology
Rainfall Characteristics at City Level
Some researchers [34] [35] [36] [37] believe that the increased number of heavy rainfall events is related to high global temperatures. Guangzhou has a southern subtropical monsoon climate. The monsoon climate can lead to both hot weather and typhoons, together with heavy rainfall in the summer. The annual rainfall ranges from 1600 to 1900 mm [1, 7] . Rainfall is the main natural factor that can lead to flooding. Figure 3 shows the total number of heavy rain days in Guangzhou within the 59-year period from 1951 to 2009. Guangzhou has had heavy rainfall from January to November but there has not been any heavy rain in December within those 59 years. As shown in Figure 3 , the number of heavy rain days shows two sharp increases; there is an increase from 10 days in March up to 37 days in April, and then another increase from 37 days in April up to 69 days in May (the peak value). The significant heavy rain days and torrential rain days are concentrated in May and June ( Figure 3 ). Statistical results show that 90% of the annual heavy rain occurred from April to September, which is called the flooding season in Guangzhou. Fifty-one percent of the annual heavy rain happens during April to June, and 39% happens during July to September. Figure 4 shows the annual number of heavy rain days, during which rainfall is more than 50 mm, in Guangzhou for each year from 1951 to 2009. A total of 403 heavy rain days during the 59 years period was observed, equivalent to an average of seven days per year. The maximum number of heavy rain days during the aforementioned 59-year period is 16, which occurred in 2001, and the minimum occurred in 1990. By conducting linear regression analysis on the annual number of heavy rain days, it can be found that the average number of heavy rain days presented a linear growth trend annually ( Figure 4 ). Therefore, it is important to forecast heavy rainfall in order to take preventative measures to mitigate flooding hazards. 
Rainfall Characteristics at District Level
In order to analyse the characteristics of rainfall at district level, more attention was paid to the attempts to evaluate the central urban area, which includes Fanyu, Huadu, Zengcheng, and Conghua Districts. Figure 5 shows the number of heavy rain days annually in Guangzhou at the district level. As shown in Figure 5 , before 2001, except for 1993, there were fewer heavy rain days in the central urban area than in the suburban district of Conghua and Zengcheng ( Figure 5 ). Moreover, Figure 5 also indicates that in the Conghua and Zengcheng districts heavier rainfall 
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In order to analyse the characteristics of rainfall at district level, more attention was paid to the attempts to evaluate the central urban area, which includes Fanyu, Huadu, Zengcheng, and Conghua Districts. Figure 5 shows the number of heavy rain days annually in Guangzhou at the district level. As shown in Figure 5 , before 2001, except for 1993, there were fewer heavy rain days in the central urban area than in the suburban district of Conghua and Zengcheng ( Figure 5 ). Moreover, Figure 5 also indicates that in the Conghua and Zengcheng districts heavier rainfall occurred than in other districts. Linear analysis also shows that the average number of heavy rain days in different districts has also increased annually. In order to compare the precipitation among different districts in Guangzhou, this paper counted the total rainfall within 20 years in five suburban districts of Guangzhou. Figure 6 shows the annual rainfall in different suburban districts (central urban area, Fanyu, Huadu, Zengcheng, and Conghua). It can be seen that Zengcheng and Conghua have heavier rainfall and more torrential rainfall than the other districts ( Figure 6 ). The results show that these two areas are more vulnerable to heavy rain and therefore a monitoring system should be developed to help protect these districts from flooding. Based on the analysis of the rainfall characteristics at the city level and district level, it can be seen that the rainfall increased annually. In order to compare the precipitation among different districts in Guangzhou, this paper counted the total rainfall within 20 years in five suburban districts of Guangzhou. Figure 6 shows the annual rainfall in different suburban districts (central urban area, Fanyu, Huadu, Zengcheng, and Conghua). It can be seen that Zengcheng and Conghua have heavier rainfall and more torrential rainfall than the other districts ( Figure 6 ). The results show that these two areas are more vulnerable to heavy rain and therefore a monitoring system should be developed to help protect these districts from flooding. Based on the analysis of the rainfall characteristics at the city level and district level, it can be seen that the rainfall increased annually.
Human Activities
As a result of rapid urbanization, large numbers of people have congregated in Guangzhou. A significant number of urban subways have been constructed in order to reduce traffic pressure. Figure 7 shows a plan view of the subway system of Guangzhou. It can be seen from this figure that the distribution of subway lines in the central area is very dense. This subway facility is the main man-made factor contributing to serious flooding hazards. Human activities have also made the surrounding environment vulnerable to the effects of heavy rainstorms and flooding hazards. Consequently, the central urban area always suffers more in severe conditions and experiences greater economic loss than the suburban areas, even though the rainfall levels are lower than in suburban areas. 
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Guangzhou
Flooding Hazards on 10 May 2016
On 10 May 2016, Guangzhou experienced a heavy rainstorm. The average rainfall was 67.6 mm over a period of 16 h and the heaviest rainfall was 186.6 mm in Fanyu district (suburban area). The total rainfall from 4:00 P.M. [38] . This heavy rainstorm flooded the whole city and destroyed many flood walls from the land side. The depth of floodwater at some road section was over 500 mm. Some road sections were flooded, with partially submerged cars (Figure 8a-c) , and in places the roads looks like pools (Figure 8d) . The Changpan subway station on Metro Line 6 in Guangzhou was also flooded in the rainstorm (Figure 9) . A large volume of rainwater flowed into Changpan station and inundated a part of the station, causing the subway to become an underground river.
According to records, flood walls failed in six places during the flooding disaster in Guangzhou, which caused a back flow of river water into the city. More than 100,000 people were affected by the floods, and eight people were killed. It is estimated that the direct economic loss 
On 10 May 2016, Guangzhou experienced a heavy rainstorm. The average rainfall was 67.6 mm over a period of 16 h and the heaviest rainfall was 186.6 mm in Fanyu district (suburban area). The total rainfall from 4:00 P.M. [38] . This heavy rainstorm flooded the whole city and destroyed many flood walls from the land side. The depth of floodwater at some road section was over 500 mm. Some road sections were flooded, with partially submerged cars (Figure 8a-c) , and in places the roads looks like pools (Figure 8d ). The Changpan subway station on Metro Line 6 in Guangzhou was also flooded in the rainstorm ( Figure 9) . A large volume of rainwater flowed into Changpan station and inundated a part of the station, causing the subway to become an underground river.
According to records, flood walls failed in six places during the flooding disaster in Guangzhou, which caused a back flow of river water into the city. More than 100,000 people were affected by the floods, and eight people were killed. It is estimated that the direct economic loss caused by this incident was more than CNY ¥543.8 million. In order to mitigate risks in the future, it is essential to investigate the spatial and temporal characteristics of the risk factors. Therefore, factor analysis is conducted in the following paragraphs based on an analysis of the topographical features of Guangzhou City and the meteorological conditions, which are statistically summarised both at the whole city level and at the district level. More attention will be paid to the exacerbation of flooding hazards due to the existence of the subway system. 
Results and Discussion
Hazard Analysis on 10 May 2016
Figure 10 plots the rainfall in different suburban areas during the flooding on 10 May 2016. The total rainfall in Conghua was 23.2 mm and that in Zengcheng was 19.2 mm in 16 h; Tianhe, Baiyu, Fanyu, Nansha all had more than 50 mm. This rainfall intensity can be defined as heavy rainfall and can quickly cause flooding. The rainfall in the central suburban areas of Yuxiu, Haizhu, Liwan, and Figure 10 plots the rainfall in different suburban areas during the flooding on 10 May 2016. The total rainfall in Conghua was 23.2 mm and that in Zengcheng was 19.2 mm in 16 h; Tianhe, Baiyu, Fanyu, Nansha all had more than 50 mm. This rainfall intensity can be defined as heavy rainfall and can quickly cause flooding. The rainfall in the central suburban areas of Yuxiu, Haizhu, Liwan, and Huangpu was less than 50 mm, which is not enough to reach the value of heavy rainfall, but due to the intensive distribution of subway lines and heavy rainfall in this district, these areas suffered serious flooding and large economic losses.
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As shown in Figure 10 , the 10 May flooding fell into three categories according to the total loss: common, severe, and catastrophic flooding. This classification of hazard severity is based on the aforementioned standard of severity of flooding hazards (R s ), but is slightly different from the traditional R s , as will be explained in detail in Section 5.2.2. Although the rainfall levels in Yuexiu, Haizhu, and Liwan were less than 50 mm, the flooding that occurred was very serious, and can be defined as catastrophic flooding. The rainfall levels in Huangpu and Huadu were the same as those in Yuexiu, Haizhu, and Liwan, but the situation in Yuexiu, Haizhu, and Liwan was more serious than in Huangpu and Huadu. Therefore, the flooding of Huangpu and Huadu was classified as severe flooding. Flooding is defined as severe when the "R s " value is more than 50 mm, so the flooding in the suburban areas of Tianhe, Baiyun, Fanyu, and Nansha was classified as severe in this flooding event.
The rainfall levels in Conghua and Zengcheng were 23.2 mm and 19.2 mm, respectively, so that the flooding in these areas was classified as common flooding. Haizhu, and Liwan were less than 50 mm, the flooding that occurred was very serious, and can be defined as catastrophic flooding. The rainfall levels in Huangpu and Huadu were the same as those in Yuexiu, Haizhu, and Liwan, but the situation in Yuexiu, Haizhu, and Liwan was more serious than in Huangpu and Huadu. Therefore, the flooding of Huangpu and Huadu was classified as severe flooding. Flooding is defined as severe when the "Rs" value is more than 50 mm, so the flooding in the suburban areas of Tianhe, Baiyun, Fanyu, and Nansha was classified as severe in this flooding event. The rainfall levels in Conghua and Zengcheng were 23.2 mm and 19.2 mm, respectively, so that the flooding in these areas was classified as common flooding. 
Factors Inducing Flooding
The main factors that led to the flooding on 10 May 2016 include natural conditions (subtropical climate, unique geographical position and topography, level of rainfall) and man-made conditions (especially the construction of subway lines). Based on the recorded rainfall data at both the whole city and district levels, the factors that were determined to contribute to the flood are as follows: (1) Guangzhou has a typical subtropical monsoon climate, which is the main factor leading to flooding. In this type of climate, during the summer months the wind direction is from the ocean to the land, bringing moisture-laden air. This leads to heavy rain and can result in flooding in the summer months; (2) Human activities, particularly the construction of subway lines, made the 
The main factors that led to the flooding on 10 May 2016 include natural conditions (subtropical climate, unique geographical position and topography, level of rainfall) and man-made conditions (especially the construction of subway lines). Based on the recorded rainfall data at both the whole city and district levels, the factors that were determined to contribute to the flood are as follows: (1) Guangzhou has a typical subtropical monsoon climate, which is the main factor leading to flooding. In this type of climate, during the summer months the wind direction is from the ocean to the land, bringing moisture-laden air. This leads to heavy rain and can result in flooding in the summer months; (2) Human activities, particularly the construction of subway lines, made the flooding hazards more serious, which resulted in severe economic losses; (3) Underground pipelines and road drainage capacities are also important factors that affected the flooding. Proposals for reducing the risk of flooding can be developed after analysing the contribution of each factor. A detailed analysis of those factors is discussed in the following paragraphs.
Rainfall
Rainfall is the natural factor that caused the flooding. As indicated in Figure 10 , the rainfall levels in Tianhe, Baiyun, Fanyu, and Nansha all exceeded 50 mm within 16 h. This kind of heavy rainfall within a short duration can easily lead to flooding. In this rainstorm, the suburban areas of Fanyu and Nansha experienced severe flooding. The rainfall reached 78.1 mm in Fanyu and 70.6 mm in Nansha. This phenomenon highlights the need for an improved meteorological monitoring system for these areas, and the necessity for measures to mitigate flooding disasters. Figure 2a depicts the distribution of hydrological stations in Guangzhou city. The hydrological stations can monitor and record precipitation. Considering rivers and characteristics of topography including the elevation and slope of the study area, the rainfall distribution of the 10 May rainstorm was plotted by GIS ( Figure 11 ). The precipitation on 10 May 2016 was obtained from China Meteorological Data Network. As shown in Figure 11 , rainfall in the southwest region was higher than in the northeast. Fanyu district had the highest rainfall and Zengcheng district had the lowest (Figure 11 ). The central area had the second highest rainfall. Therefore, the central area had the most serious flooding. mm in Nansha. This phenomenon highlights the need for an improved meteorological monitoring system for these areas, and the necessity for measures to mitigate flooding disasters. Figure 2a depicts the distribution of hydrological stations in Guangzhou city. The hydrological stations can monitor and record precipitation. Considering rivers and characteristics of topography including the elevation and slope of the study area, the rainfall distribution of the 10 May rainstorm was plotted by GIS ( Figure 11 ). The precipitation on 10 May 2016 was obtained from China Meteorological Data Network. As shown in Figure 11 , rainfall in the southwest region was higher than in the northeast. Fanyu district had the highest rainfall and Zengcheng district had the lowest (Figure 11 ). The central area had the second highest rainfall. Therefore, the central area had the most serious flooding. 
Subway System and Modification of Rs
The subway lines are intensively distributed underground, particularly in the central areas (Figure 7) . Existing underground structures, as well as the ongoing construction of the subway lines, have affected the underground sewage pipe network, and consequently have an effect on the drainage capacity of the sewage system when there is heavy rainfall. It can be seen from Figure 10 that, although the rainfall was less than 50 mm in some areas, the flooding was still serious and 
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The subway lines are intensively distributed underground, particularly in the central areas ( Figure 7) . Existing underground structures, as well as the ongoing construction of the subway lines, have affected the underground sewage pipe network, and consequently have an effect on the drainage capacity of the sewage system when there is heavy rainfall. It can be seen from Figure 10 that, although the rainfall was less than 50 mm in some areas, the flooding was still serious and caused a huge economic loss. It is recommended that the value of the "R s " factor for rainfall in this area should be lowered from 50 mm to 30 mm for areas with frequent human activity. In other words, precautions should be taken to prevent flooding if "R s " is more than 30 mm in 24 h in areas with subway lines. Figure 12 indicates the influence areas and demonstrates their association with the position of underground subway lines. As shown in Figure 12 , subway lines have a significant influence on the surrounding environment, which caused the areas with subway lines to become more vulnerable to flooding than areas far away from the subway lines. In order to evaluate the effects of subway lines during rainfall conditions, the flood-prone areas have been analysed. Figure 13 shows the flood-prone areas for Line 6 during the heavy rainstorm in Guangzhou on 10 May. It can be seen from the figure that the total flood-prone area under rainfall conditions is much larger than without rainfall ( Figure 12 ). We also see from Figure 13 that the areas around subway lines become more vulnerable to flooding than areas further away from the subway lines. It can also be seen that Line 6 is entirely located within the flood-prone area ( Figure 13 ).
In this flooding disaster, Changpan station of Line 6 was flooded in the rainstorm. Figure 14 shows the elevation of Line 6. As shown in Figure 14 , Changpan is the final station of Line 6 and is located at a lower elevation. The area around the Changpan station is higher. This kind of topography makes the station prone to flooding because the Line 6 is located in a lower position and the prevention gate is insufficient to prevent excess rainwater. This phenomenon is a reminder that flood-prone areas suffer more serious consequences and cause greater economic losses in the event of flooding. Therefore, the strengthening of flooding protection measures in flood-prone areas is essential. vulnerable to flooding than areas further away from the subway lines. It can also be seen that Line 6 is entirely located within the flood-prone area ( Figure 13 ). In this flooding disaster, Changpan station of Line 6 was flooded in the rainstorm. Figure 14 shows the elevation of Line 6. As shown in Figure 14 , Changpan is the final station of Line 6 and is located at a lower elevation. The area around the Changpan station is higher. This kind of topography makes the station prone to flooding because the Line 6 is located in a lower position and the prevention gate is insufficient to prevent excess rainwater. This phenomenon is a reminder that flood-prone areas suffer more serious consequences and cause greater economic losses in the event of flooding. Therefore, the strengthening of flooding protection measures in flood-prone areas is essential. 
Underground Pipelines
Many infrastructure facilities, such as gas pipelines, cables, and water supply and sewerage pipelines, have been constructed in Guangzhou during the past few decades. Underground pipelines are the main component of the urban drainage system, which is very important for flooding protection. The existing underground pipelines have been disturbed and damaged during the construction of other underground infrastructure. It is a common measure to move existing underground pipelines when they are encountered during the construction of underground projects. As indicated in Figure 7 , a large number of subway lines have been constructed or are under construction. These subway construction activities can have further influence on existing underground pipelines, which then reduce their drainage capacity. Therefore, underground pipelines do not have enough capacity to store the discharged rainwater, which contributes to an increased risk of flooding.
Road Drainage Capacity
The factors that affect road drainage capacity are the sewer network system and the materials used in the construction of the road. Road gullies have been widely used in the last few decades. The road gullies design code is based on previous standards, but in practice rainfall is increasing annually, as described previously. Road gullies can easily become blocked by leaves or debris, and some sewers have been severely damaged by the heavy rainstorms. In this flooding event, the 
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Road Drainage Capacity
The factors that affect road drainage capacity are the sewer network system and the materials used in the construction of the road. Road gullies have been widely used in the last few decades. The road gullies design code is based on previous standards, but in practice rainfall is increasing annually, as described previously. Road gullies can easily become blocked by leaves or debris, and some sewers have been severely damaged by the heavy rainstorms. In this flooding event, the depth of floodwater on some road surfaces reached 500 mm. This phenomenon was mainly due to damaged road gullies. Therefore, improvement of the current sewer network and gullies and construction of more sewers are essential. In addition, when a road is undergoing construction, choosing a road surface material with good performance is also important. For example, porous pavements could be adopted.
Recommendations
A "Sponge City" approach and the application of BIM technology are recommended in order to mitigate the damage caused by flooding due to heavy rainstorms in Guangzhou. To evaluate the flood-prone areas, GIS mapping, which can give a detailed analysis of flooding distribution, should be adopted.
"Sponge City" Planning
Guangzhou is a typical city that could be transformed into a "Sponge City" as it has large amount of rainfall each year. Statistical analysis shows that the rainfall has increased annually. A large volume of rainwater cannot discharge quickly during a heavy rainstorm. In the "Sponge City" planning approach, systems are installed to store the rainwater. This approach to urban planning incorporates improvements to the rainwater storage capacity and drainage systems [24, 39, 40] . The mechanism of this planning approach includes two phases. The first phase involves storing the run-off temporarily within a multi-functional pipeline system, sluice gates, and pumping stations to provide the storage capacity. The reuse of the rainwater is more environmentally friendly than simply discharging it. Green roofs and forest park areas can temporarily store the rainwater. The other phase of "Sponge City" planning is the drainage of the excess rainwater. This is achieved by draining the excess stored rainwater into rivers. Therefore, the efficient construction of a sewer network system is essential. The previous drainage system can deal with 30 mm rainfall. In the construction of a "Sponge City", the standard of 50 mm rainfall is recommended. Restricting development in the most flood-prone areas is also required. Improving the efficiency of land use and maintaining a relative balance of land ecosystem and the sustainable use of resources are the basic principles.
BIM Technology
Building Information Modelling (BIM) is a tool for the design, construction, maintenance, and management of projects. It is an efficient model for the construction industry, has been applied to many projects, and is a useful tool for both new and existing construction system. GIS integrates spatial information and spatial analysis, whereas BIM can simulate a more realistic emergency situation by using a Virtual Reality technique [41] . A BIM model can monitor and observe the condition of an underground infrastructure system [42] . During the construction of a "Sponge City", a large number of multi-functional pipelines will be constructed. The combined use of GIS and BIM can provide a visualisation, which provides information about the geology and the design of multi-functional pipelines. Therefore, the municipal authorities can obtain a level of control over the flooding on a local scale.
Recently, with the growth of urbanisation, underground engineering activities have gradually expanded. In order to avoid damaging underground pipelines during construction, an understanding of their distribution is essential. The application of BIM technology can provide useful information for this purpose. Once the layout of the underground pipelines is established, they can be safeguarded during underground engineering construction. Therefore, for future city management, the combined use of GIS and BIM is recommended to evaluate the risk of flooding.
Evaluation of Flood-Prone Areas Using GIS
The occurrence of flooding is not only related to rainfall but also to human activity. Those areas with frequent engineering activities will experience more serious flooding events, which can cause huge economic losses compared to other areas with the same rainfall conditions. In this paper, the underground subway system is considered the main human activity and the analysis focuses on the effects of existing subway lines under heavy rainfall. By using GIS it is possible to identify two of the factors contributing to flooding: the subway line distribution and the rainfall conditions. As shown in Figures 12 and 13 , the flood-prone areas become larger during rainstorms. These areas are vulnerable during and after flooding events. In the flood-prone areas disaster situations become more serious. For example, the subway station of Line 6 was flooded because the Line 6 is located in a low position (Figure 14 ) and the prevention gate was insufficient to prevent excess rainwater during the heavy rainstorm that occurred on 10th May.
It is clear that the construction of a large number of urban subway lines has a significant effect on the severity of flooding. Therefore, using GIS to map the flood-prone areas to evaluate the severity of the flooding is effective. In addition, monitoring and protective measures for these flood-prone areas should be strengthened in order to reduce economic losses.
Conclusions
This paper presents an analysis of the flooding that took place in Guangzhou, China, due to a heavy rainstorm on 10 May 2016. The factors of topography have been analysed using DEM. The meteorology conditions were statistically analysed at the whole city level and the district level. GIS analysis was also performed to map the flood-prone areas. Based on the results of the analysis, the following conclusions can be made:
1.
Characteristics of topography include elevation and slopes are critical to the flooding distribution. Metro Line 6 was flooded on 10 May 2016 due to its low elevation in the city center. The observed results show that areas with metro lines were more vulnerable to flooding. Considering the total economic losses in the city center due to flooding, a modification of the standard of severity of flooding hazards was proposed, i.e., lowering the value of the Rs range.
2.
There is long-term settlement along metro tunnels due to train running loads, which causes surface subsidence along the subway line. By using multiple buffer analysis in GIS, flood-prone areas along subway lines under rainfall conditions were identified. It can be concluded that the disaster situation was serious and caused greater economic losses in subway areas than in other areas far from the subway lines. Therefore, strengthening of the monitoring and protection system for these flood-prone areas is required. 3.
A "Sponge City" planning approach is recommended to improve the capacity of drainage and storage of rainwater temporary during heavy rainstorms. To incorporate the elements of a "Sponge City" requires the construction of a multi-functional pipeline system, sluice gates, and pumping stations in order to store the rainwater and subsequently reuse it. A drainage system should also be constructed to drain the excess rainwater. For the management of the city in the future, the combined use of GIS and BIM is also recommended to evaluate and monitor the risk of flooding.
